Abstract
SERCA2 mRNA have been consistently observed in most pressing the SERCA1a gene under the control of the models of cardiac hypertrophy and failure, but changes in cytomegalovirus (CMV) immediate-early promoter, was protein levels are controversial [4, 5] . Nonetheless, there is constructed as follows. The plasmid pAd.CMV.SERCA1a general agreement that the SERCA protein level falls in was obtained after subcloning a SpeI-EcoRV fragment markedly hypertrophic ventricles and is further decreased (3.06 kb) from the pBSK.SERCA1a plasmid containing the in failing ventricles [2] . These changes are of major full-length rabbit SERCA1a cDNA (a gift from Moutin pathophysiological importance, as they may be respon- [15] ) into the pAd.CMVIcpA cleaved by NheI and EcoRV. sible, at least in part, for the changes in intracellular This plasmid carries the first 0.45 kb of the Ad5 genome calcium cycling and myocardial relaxation that occur in the left extremity, the CMV enhancer / promoter followed failing myocardium, suggesting that SERCA gene transfer downstream by a chimeric intron (the sequence of which is might rescue the compromised SR and contractile muscle derived from the pCI plasmid, Promega), the SERCA1a function.
gene flanked at its 39 end by the sequence containing the There has been great interest in ways of inducing bovine growth hormone polyadenylation signal (obtained SERCA gene overexpression in cardiac myocytes, focusfrom plasmid pcDNA3, Invitrogen) and a 3.2-kb viral ing on isolated myocytes in vitro or the transgenic apgenome sequence from the region downstream of the E1 proach and gene transfer technologies in vivo [6] [7] [8] [9] [10] [11] [12] .
gene. The recombinant virus, designated Adenovirus-mediated SERCA2 overexpression in isolated Ad.CMV.SERCA1a, was obtained by homologous recom- 21 neonatal rat ventricular myocytes increases SR Cabination after transfection of 10 mg of plasmid ATPase activity, intracellular calcium transient and pAd.CMV.SERCA1a DNA and 5 mg of the large ClaI myocyte shortening [13] . SERCA2 gene transfer also fragment (2.6-100 map units) of Ad5-dl324 viral DNA in restores depleted SERCA protein levels and shortens the the 293 cell line. The cells were overlaid with agar and 21 prolonged Ca transients resulting from a PMA (phorbolincubated for 10 days; viral plaques were then isolated on 12-myristate-13-acetate)-induced decrease in SERCA2a 293 cells and amplified twice before DNA extraction. SalI gene expression [7] . These results are consistent with those and EcoRI restriction analysis confirmed the identity and observed in transgenic mice overexpressing SERCA isoclonality of the recombinant adenovirus, which was further forms [10, 11] . Recently, SERCA2a overexpression in purified once before stock preparation on 293 cells. The myocytes isolated from failing human ventricles was virus preparations obtained after lysing infected cells were 21 shown to improve intracellular Ca handling and to purified twice in a CsCl density gradient (to avoid carrying increase contraction and relaxation velocities [14] , while over impurities from the cell culture) and extensive dialysis SERCA2a gene transfer in vivo improved left ventricular against saline buffer supplemented with 10% glycerol function in rats in transition to heart failure [12] . Taken (v / v); aliquots were stored at 2808C. Viral stocks were together, these studies show the value of SERCA gene titrated by plaque assay on 293 cells. transfer for our understanding of the role of the encoded protein in the function of cardiac myocytes, and of the 2.2. Cardiac myocyte isolation, culture and adenoviral feasibility of gene therapy of heart failure. However, in infection vitro SERCA gene transfer has often been applied to neonatal myocytes, in which SR function is immature, and
The investigation conforms with the Guide for the Care little attention has been paid to the relationship between and Use of Laboratory Animals published by the US the level of SERCA protein expression, SR function and National Institutes of Health (NIH Publication No. 85-23, the resulting physiological effect. We therefore used adenorevised 1996). Adult male Wistar rat ventricular myocytes viruses to express the rabbit SERCA1a isoform -which were isolated as previously described [16] . Cells were can readily be discriminated from the endogenous infected on the day of isolation, 1 h after plating, with SERCA2a isoform -in mature myocytes isolated from Ad.CMV.SERCA1a at 50 or 100 plaque-forming units of the ventricles of adult rats, and examined the consequences virus per cell (p.f.u. / cell) for 1 h. The medium was then 21 of SERCA1 protein expression on SR Ca uptake, the renewed and the cells were maintained in culture at 378C 21 Ca transient and its alterations following an increase in for 48 h before further analysis. the rate of stimulation and exposure to the b-adrenergic agonist isoproterenol.
Preparation of SR-enriched microsomes and cell homogenates
2. Methods SR-enriched microsomes were prepared essentially as described by Levitsky et al. [17] . Briefly, myocytes were 2.1. Construction and purification of recombinant resuspended at 48C in extraction medium containing 20 adenoviruses mM Tris-HCl (pH 7.4), 5 mM sodium azide and 30% glycerol, then disrupted with a P21 glass homogenizer The E1-defective adenovirus Ad-CMVSERCA1a, ex-(Polylabo). The homogenates were centrifuged at 12503g for 2 min to remove cell debris. The supernatant (S1) was from infected and uninfected myocytes were separated on collected and centrifuged at 10 0003g for 5 min. The SDS-PAGE as previously described [17] . Briefly, SDSresulting supernatant (S2) was centrifuged at 100 0003g PAGE was performed on a 7.5% separating gel with a 3% ® for 30 min to pellet the membranes. The pellet was stacking gel and proteins were stained with SYPRO Red resuspended in 50 ml of extraction medium then frozen in (Molecular Probes). Gels were scanned with the Molecular ® liquid nitrogen and stored at 2808C until use. Samples of Dynamics Storm and band densities were assessed using ® left ventricle and extensor digitorum longus (EDL) muscle ImageQuant software. Signals from protein bands of from a 300-g male Wistar rat were used as controls for interest were normalized by dividing arbitrary fluorescence SERCA2 and SERCA1, respectively. Frozen tissue samunits by those of a reference band (dotted arrow in Fig. 2 ). ples were pulverized in liquid nitrogen, then homogenized Serial dilutions of the homogenate preparations showed a and processed as described above.
linear relationship between the amount of protein loaded and the fluorescence intensity. Accordingly, the ratios did 2.4. Identification, localization and quantification of not change with the amount of protein loaded. The identity SERCA proteins of the SERCA band was determined by Western blot analysis. SDS-PAGE was performed as described above. Two monoclonal antibodies (Affinity BioReagents) were
The membranes were incubated with 1:1000 anti-SERCA2 used to characterize and quantify SERCA1 and SERCA2 or 1:2500 anti-SERCA1 antibody mixed with 1:5000 antiisoforms. The anti-SERCA2, raised against purified canine phospholamban antibody to study PL gene expression. A cardiac SR vesicles, was shown not to cross-react with 1:10 000 dilution of peroxidase-conjugated anti-mouse IgG SERCA1 in a broad range of species. The anti-SERCA1, (Pasteur Diagnostic) was used as the secondary antibody. raised against purified rabbit skeletal muscle, was shown to
Immunoreactivity was determined using the enhanced specifically recognize SERCA1 in a wide range of species.
chemoluminescence (ECL) reaction (NEN). A third monoclonal antibody, raised against phospholam-21 ban (PL), purified from canine cardiac sarcoplasmic re-2.5. Ca uptake assay ticulum (Upstate Biotechnology), was used to quantify PL. 21 In a first series of experiments, anti-SERCA1 was used Ca uptake activity was measured on myocyte to reveal SERCA1 expression in infected myocytes and to homogenates at 308C in 4.6 ml of medium containing 100 determine the virus concentration (MOI) required for mM KCl, 6 mM MgCl , 0.2 mM EGTA, 5 mM sodium To determine the Ca uptake rate, perature and cells were permeabilized on ice in 0.2% 0.4-ml aliquots were taken from the same reaction tubes at Triton X-100 / PBS (phosphate buffered saline) for 15 min.
various times (0.5-10 min) and the reaction was stopped Non-specific sites were blocked with a solution containing by adding a washing solution containing 100 mM KCl, 10 5% BSA in PBS for 30 min before incubating the cells mM histidine (pH 6.4), 1 mM EGTA. The mixture was with anti-SERCA1 diluted 1:400 at room temperature for 1 filtered through GF / C Whatmann filters and the filters h. This was followed by 1-h incubation with a 1:100 were washed three times with 5 ml of washing solution 21 dilution of peroxidase-conjugated anti-mouse IgG to count before counting in a liquid scintillation counter. The Ca the number of positive myocytes. Antibody binding was uptake activity of each sample was measured in triplicate. visualized by exposing the cultures to the DAB substrate
Because of the large amount of myocyte homogenate 21 (Pierce kit) for 1-5 min. We used confocal microscopy for required for each assay, only the pCa (2log [Ca ] ) of precise SERCA1a localization within myocytes. Cells were 6.25 was studied. This value corresponded to a free incubated with a 1:250 dilution of anti-SERCA1 antibody calcium concentration of 0.57 mM, which is close to the K d at room temperature for 1 h. After washing, cells were (constant of dissociation) of the enzyme. The free calcium incubated with a 1:400 dilution of FITC conjugated anticoncentration was calculated according to Fabiato NaOH for at least 40 min to wash out extracellular dye and Ad.CMV.SERCA1a permit intracellullar indo-1 de-esterification. The myocytes were stimulated by field electrodes at a default rate of 0. 5 To check the specificity of the two anti-SERCA antiHz (500-ms duration at suprathreshold) and excited at 340 bodies, we performed Western blots using various muscle nm with a xenon UV lamp. Emission was measured at 405 types and adult rat ventricular myocytes. As shown in Fig.  and 480 nm (F405, F485) absence of [Ca ] and at saturating [Ca ] , R is the ratio solution containing 2 mM Ca and 5 mM K . The various compounds were applied via a rapid perfusion system to limit the time between applications. We focused on tau (t), the time constant of the monoexponential decay 21 2 t /t of the Ca transient using the equation: y(t)5A?e 1B where t represents the continuous variable of time. The fits were analysed using GraphPad software. Only fits with a 2 r .0.95 were used. which yielded strong and rapid expression of the transoxalate-facilitated Ca uptake activity of infected gene. Indeed at an MOI of 50, almost all myocytes myocyte homogenates. Fig. 4A shows a typical example of 21 exhibited SERCA1a protein expression after 2 days in the time course of Ca uptake in homogenates from culture (Fig. 2B) Fig. 4B ). These results were con- 21 cytosolic fractions revealed that anti-SERCA2 antibodies sistent with an increased number of functional SR Ca labeled a single protein band of the expected MW in pumps in infected myocytes than in controls. SR-enriched microsomes from both infected and uninfect- 21 ed myocytes, whereas no signal was detected in the 3.3. Ca transients cytosolic fraction (Fig. 1A) . The intensity of the SERCA2 signal was similar in infected and uninfected cells. The
Statistical analysis
To examine whether SERCA1 expression and the anti-SERCA1 antibodies gave a strong protein signal of the resulting increase in total SERCA protein affected the SR 21 expected MW in the membrane fraction of infected cycling process, we measured Ca transients in control myocytes, while no signal was detected in uninfected and infected myocytes. Fig. 5A shows a typical example of 21 myocytes. In some experiments a weaker signal was also Ca transients recorded in an uninfected myocyte and a detected in the cytosolic fraction. Fig. 1B shown). Increasing the frequency of stimulation from 0.2 that it was appropriately addressed to the SR membrane, to 2 Hz decreased t in both cell types (P,0.001 and and (iii) that expression of the endogenous SERCA2a P,0.01 for uninfected and infected myocytes, respectiveisoform and PLB was unaffected by expression of the ly; Fig. 5B ). However, whereas the decrease in t averaged transgene. 51% in uninfected myocytes it was only 24% in infected To assess the total amount of SERCA present in myocytes (P,0.001). Stimulating myocytes at 4 Hz failed 21 homogenates from uninfected and infected myocytes, to trigger analyzable Ca transients in the two cell types. various amounts of proteins were separated on SDS-PAGE Isoproterenol decreased t by 18% in uninfected myocytes ® and stained with SYPRO Red (Fig. 3) . A similar band (n55, P,0.01 Fig. 5C ) and by 23% in infected myocytes pattern was observed with the two types of homogenate, (n56, P,0.05). Taken together, these data indicated that 21 except for one protein band with an apparent MW of |110 Ca transients in infected myocytes were still modulated kDa, the fluorescence intensity of which was stronger in by the b-adrenergic pathway. infected than in uninfected myocytes. Normalization of the In a number of experiments, we measured the diastolic 21 110-kDa band signal to a reference band indicated a and systolic [Ca ] in the two cell types (Table 1 ). In i 21
3669% increase in infected myocytes compared to unininfected myocytes, systolic [Ca ] increased by 19% i 21 fected myocytes (n56, P,0.01). Western blotting conwhile diastolic [Ca ] decreased by 50% compared to i 21 firmed that this band corresponded to SERCA2 in uninfectuninfected cells. Accordingly, the amplitude of the Ca ed myocytes and to both SERCA isoforms in infected transient was higher in infected than in uninfected cells myocytes (not shown).
(P,0.05). Of note was the very homogeneous values of 21 diastolic [Ca ] in infected compared to uninfected i 21
SR Ca uptake in myocyte homogenates
myocytes (see the S.E.M. values in Table 1 ). To precisely 21 determine the degree of SR Ca loading in infected and 21 To examine the effects of SERCA1 gene expression on uninfected myocytes, we measured [Ca ] in unstimulated i SR calcium transport, we measured the ATP-dependent myocytes before and after caffeine application. We found a delivered at a rate of 0.5 Hz (Fig. 6A) . Despite an 21 increased rate of Ca transient decay in infected myocytes, reflecting SERCA overexpression, the speed of [Ca ] .
i A number of studies have examined the effects of SERCA overexpression in cardiac myocytes but only a few examined carefully the relationships between the amount of expressed protein and the resulting physiological effect. We examined SERCA expression levels in infected and control myocytes so that a direct comparison could be made between protein expression and SERCA function in the same preparations. Using SDS-PAGE analysis we found a 36% increase in total SERCA in infected myocytes. As no change in SERCA2 was observed, it is reasonable to assume that the increase in total SERCA protein was due to expression of SERCA1. In their pioneering study of adenovirus-mediated SERCA2 gene transfer to neonatal cardiac myocytes Hajjar et al. [13] found a 75% increase in total SERCA. The difference between this and our study may be explained by the fact that neonatal myocytes, owing to their low level of endogenous SERCA expression, may have a greater capacity to accumulate exogenous SERCA than adult myocytes. In some experiments we detected small amounts of SERCA1 in the cytoplasm of infected myocytes supporting the idea that the space available in SR membranes for exogenous SERCA may be limited in adult myocytes. Giordano et al. [7] found a 82% increase in SERCA protein levels in neonatal rat myocytes when SERCA protein expression has been previously decreased by PMA pretreatment, but this increase represented only a 10% increase over SERCA protein levels in control untreated myocytes [7] following caffeine washout. Recovery of the Ca transhowed that SERCA2 protein levels increased by 20 and sient tended to increase in infected myocytes compared to 30-50% in transgenic mice, respectively, compared with uninfected control cells, but the difference did not reach wild-type animals. Only Loukianov et al. [10] observed a statistical significance (n55 and 6 for uninfected and huge increase in total SERCA protein (250%) in a single infected myocytes, respectively).
line of SERCA1 transgenic mice harboring the highest transgene copy number. Although the reason for the difference between the results of this study and those of in 4. Discussion vitro studies is unclear, it is possible that the very long period available for transgene expression in the transgenic In the present study, we found that following adenoviral model allowed the SR to adapt and accept the excessive SERCA1 gene transfer to adult rat ventricular myocytes (i) amount of SERCA protein, a phenomenon that could not the total amount of SERCA expressed is significantly have occurred during the 2 days of transgene expression in enhanced, (ii) SERCA1 is homogeneously distributed vitro. The discrepancy in the level of exogenous SERCA throughout the cell body, (iii) is functionally active, (iv) expression among the various studies also reflects the 21 and induces a shortening of the Ca transient, an increase difficulty of precisely quantifying the amount of the [10] than that found in 80 except when the level of endogenous SERCA is initially other studies. As could be expected, increasing the rate of low.
myocyte stimulation decreased t, and the decrease was The immunofluorescent data in Fig. 2 provide the first larger in uninfected than in infected myocytes. This is indication of the subcellular distribution of an exogenous probably due simply to the fact that the latter started from SERCA protein in adult myocytes. We found that SERCA1 much lower t values than the former, the two cell types is distributed parallel to the t-tubular system as indicated converging towards a similar t value around 350 ms at a by the clear striation pattern inside the cell, similar to the stimulation rate of 2 Hz, a value that may represent the
